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Figure 6.  Sensorimotor testing on the cylinder task in rats after parasagittal 
FPI suggests beneficial effect of high dose nicotinamide on this aspect of 
functional outcome. 

 
Figure 7.  Sensorimotor testing on the rotarod did not reveal a 
beneficial effect of nicotinamide treatment after parasagittal FPI 
in rats.   

we are using an established mouse model of CCI followed by 35 min of hemorrhagic shock (CCI+HS) based 
on the work of Dennis et al (2), with minor modifications.  This model is being used to simulate more complex 
polytrauma insults commonly seen in combat casualty care.  We have carried out 20 studies (10 vehicle and 
10 high dose nicotinamide treated mice) and have followed the mice for 17 days.  Neuropathology in these 
mice is currently being processed. 
 
Drug #2, Erythropoietin (EPO): 
Based on a comprehensive review that identified thirty-one studies in experimental TBI supporting its potential 
efficacy, EPO was selected by the OBTT consortium as the drug #2 for primary screening.  Based on that 
same review, two doses were selected, namely 5000 or 10,000 IU/kg, by a single IV injection administered at 
15 min after injury.  This treatment regimen is being used at all of the sites.  At the Pittsburgh site, surgery and 

injury for all of the rats (n=40) for 
drug #1, EPO have also been 
completed and the rats have also 
nearly completed functional 
testing. The results are being 
processed. 
 
Primary Screening Site 2.  Miami 
Project to Cure Paralysis, 
University of Miami School of 
Medicine (W. Dalton Dietrich, PhD, 
Helen Bramlett, PhD) 
At the Miami site, the TBI model 
used is parasagittal fluid 
percussion injury (FPI) in adult 
rats, which is well established and 
characterized in the laboratory in 
Miami.  
 
Drug #1 Nicotinamide: 
All animals for study drug #1 
(nicotinamide) have been 
completed surgically at the Miami 

site.  The number of rats per groups are Sham (n=10), TBI-Vehicle (n=10), TBI-50 mg/kg (n=10), TBI-
500mg/kg (n=10), identical to the Pittsburgh 
site.  At the Miami site, all rats receive 
arterial catheters and thus this site for all 
drugs is serving an important additional 
function, namely, to determine the systemic 
physiological effects of the doses selected 
for each therapy.  In this regard, at the 
initiation of the study, the injection of the 
nicotinamide resulted in a decrease in 
mean arterial blood pressure (MAP) that 
was below 90mmHg.  We thus, using this 
important information from the Miami group, 
adjusted the injection protocol at all injury 
sites to a slower injection over 15 minutes 
and this attenuated this drastic drop in 
blood pressure.  Table 3 clearly shows that 
all animals in the study maintained normal 
physiology, notably MAP, both pre- and 
post-TBI at the slower infusion rate and 
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Figure 8.  Water maze testing in rats after parasagittal 
FPI did not reveal a beneficial effect of nicotinamide at 
either dose on place task. 

Figure 9. Working memory testing in rats after parasagittal 
FPI revealed a beneficial effect of high dose nicotinamide 
therapy—please see text for details. 

thus early post injury hypotension would not confound the treatment findings.  This would be very important for 
clinical translation. 
 
Sensorimotor function 
Sensorimotor testing was performed using the cylinder task (Figure 6) and the rotarod test (Figure 7).  The 
cylinder task is measured as an asymmetry index.  An index of 0.5 indicates equal use of the contra- and 
ipsilateral forelimbs; scores below 0.5 indicate greater use of the forelimb ipsilateral to the injury (i.e., a 
contralateral limb deficit).  Sham animals exhibited no deficits on this task.  All TBI groups had contralateral 
limb deficits with the TBI-500mg/kg nicotinamide-treated animals demonstrating less of a deficit in the 
contralateral limb use relative to the other two TBI groups—again suggesting a beneficial effect of nicotinamide 
on motor function after experimental TBI, similar to what was observed in CCI.  For the rotarod test, sham 
animals were able to stay on the rotarod slightly longer than the other TBI groups.  However, there was no 
statistically significant effect of treatment at either dose on this sensorimotor task.   
 
Congitive Outcome 
Cognitive function was assessed using a simple place task (Figure 8) tested over 4 days followed by a working 

memory test (Figure 9).  Sham animals showed 
reduced latencies over the four day testing period.  
All three TBI groups had increased latencies versus 
sham with the two treated TBI groups exhibiting more 
cognitive deficits on this task.  Thus, nicotinamide 
treatment did not appear to improve learning and 
memory using this paradigm—which is similar to what 
was observed for CCI and also in the PBBI model 
(please see below).  However, on the working 
memory task, while sham animals as expected 
showed the greatest improvement in the delay match-
to-place task, rats treated with nicotinamide at the 
500mg/kg dose did demonstrate improvement on this 
task as well.  This was the only evidence for a 
potential cognitive benefit from nicotinamide 
treatment in primary screening—in this case, in the 
parasagittal FPI model. 
 
Serum samples from drug #1 studies for biomarker 

assessments were sent to Banyan for processing 
and the results are pending for the Miami studies.  
Brain tissues sections are being processed for 
drug #1 at the University of Miami site and brain 
injury.  
 
Drug #2, EPO: 
At the Miami site, injuries and functional outcome 
assessments on drug #2, EPO in the parasagittal 
FPI model are underway. An identical dosing and 
treatment regimen, namely 5000 or 10,000 IU/kg 
IV as a single dose at 15 min post injury is being 
used.  Again, as in all primary screening studies, 
sham and vehicle treatment groups are also being 
performed. 
 
Tier B primary screening in Miami with agents 
found to be promising will be carried out in the 
future using the parasigittal FPI model in rats with 
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We are also working with Dr. Wang from Banyan on the details involved in blood sampling to generate parallel 
serum biomarker studies in our model, given the high level of success in this regard that has been seen for this 
aspect of the consortium across the rodent models.   

Collectively, these approaches should leave us well positioned to begin the proposed drug screening studies in 
the second year of this grant.   

KEY RESEARCH ACCOMPLISHMENTS 

1. IACUC and ACURO Approval at all sites along with necessary updates
2. Creation of a Manual of Operations for the OBTT consortium by Dr. Kochanek
3. Monthly consortium investigator conference calls
4. TBI drug therapy literature review, investigators survey, and selection of the first two therapies to be

evaluated by the OBTT consortium
5. Comprehensive review of the TBI literature for the first two drugs, nicotinamide and erythropoietin by

Dr. Kochanek to facilitate updating the manual of operations with regard to the protocols for the first two
drugs.

6. Submission of a manuscript on the OBTT concept to the Journal of Trauma which was accepted for
publication and published in 2011 (1)

7. Submission of five abstracts on the individual components of OBTT to the 2011ATACCC meeting.
Those abstracts were accepted and served as the basis of a symposium at the conference.

8. Report sent by Dr. Kochanek on the launching of OBTT to the Therapy and Oversight Committee and
Consultants

9. Therapeutic testing and serum biomarker assessments for drug #1 (nicotinamide)—primary screening
of the drug across three rodent models Controlled cortical impact, parasagittal fluid percussion, and
penetrating ballistic-like brain injury, at the University of Pittsburgh Safar Center for Resuscitation
Research, The University of Miami (Miami Project), and WRAIR, respectively.

10. Investigators meeting held on July 12th at the 2011 National Neurotrauma Society Meeting
11. Presentation of an afternoon symposium on OBTT by the PI and site PIs at the 2011 ATACCC

conference.
12. Therapeutic testing and serum biomarker assessments for drug #2 (erythropoietin)—primary screening

of the drug across three rodent models.
13. Secondary screening of drug #1, nicotinamide in a murine model of TBI plus hemorrhage at the

University of Pittsburgh Safar Center for Resuscitation Research,
14. Re-establishment and refinement of the large animal micropig model of fluid percussion TBI at Virginia

Commonwealth University
15. Identification of three promising candidates to be selected as drug #3 for primary screening in OBTT.

REPORTABLE OUTCOMES 

1. Kochanek PM, Bramlett H, Dietrich WD, Dixon CE, Hayes R, Povlishock J, Tortella F, Wang K:  A novel
multi-center pre-clinical drug screening and biomarker consortium for experimental traumatic brain
injury: Operation Brain Trauma Therapy.  J Trauma 71(1 Suppl):S15-24, 2011.

2. Kochanek PM, Dixon CE:  Operation Brain Trauma Therapy (OBTT) Consortium: Program
Overview/University of Pittsburgh Program.  Presented at the ATACCC Meeting, Ft. Lauderdale,
Florida, August 15-19, 2011.

3. Bramlett HM, Dietrich WD. Operation Brain Trauma Therapy (OBTT) Consortium: University of Miami
Miller School of Medicine Program. Presented at the ATACCC Meeting, Ft. Lauderdale, Florida, August
15-19, 2011.
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4. Shear DA, Schmid KE and Tortella FC.  Operation Brain Trauma Therapy (OBTT) Consortium:  The
WRAIR Program (Penetrating Ballistic-Like Brain Injury).  Presented at the Advanced Technology
Applications to Combat Casualty Care (ATACCC) Conference in Fort Lauderdale, FL, 2011.

5. Povlishock, JT.  Operation Brain Trauma Therapy: The Virginia Commonwealth University Program.
Presented at the Advanced Technology Applications to Combat Casualty Care (ATACCC) Conference
in Fort Lauderdale, FL, 2011.

6. Kevin K.W. Wang, Ronald L. Hayes Operation Brain Trauma Therapy (OBTT) Consortium: Banyan
Biomarkers Core.  Presented at the Advanced Technology Applications to Combat Casualty Care
(ATACCC) Conference in Fort Lauderdale, FL, 2011.

CONCLUSION 

The unique multicenter pre-clinical drug screening consortium OBTT has been launched and is successfully 
screening drugs across three established rodent models of TBI.  In addition, exciting biomarker applications 
have also been successfully launched and the large animal model is being refined for testing of the most 
promising agent identified in year 2.  Overall, no significant problems have been encountered. 
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Appendix 1. Manual of operations for OBTT updated October 17, 2011 
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2. Approach to treatment

Drug treatment will be identical between sites and will employ an IV route whenever feasible 
and optimal.  However, strategies involving other routes may be used in selected situations (i.e., 
nutraceuticals, rehabilitation-related therapies). For each agent, two doses will be screened, 
again based on the best available literature evidence.  Treatments that are selected will be 
agreed upon unanimously by the site PIs involved in each given study. For each drug screened, 
four groups will be studied with 10 rats in each group.  Specifically, two treatment groups (two 
doses) along with a single vehicle group and sham group (no treatment) will be studied for each 
therapy.  Results of the primary and secondary outcomes (MWM performance and volumetric 
analysis, respectively) at each site will not be revealed until all sites have completed work with 
each agent in primary screening. However, if an agent at a given dose produces greater than 
20% mortality, the site PI will notify the other primary screening site PIs since this could trigger 
reconsideration of dosing at all of the sites.   

Specific considerations relevant to each therapy will be generated for each agent that is 
selected to move forward in primary screening.  Thus, the information in this section will build as 
the program moves forward. 

 Therapy 1: Nicotinamide

Vitamin B3 has shown dramatic beneficial effects on all aspects of outcome evaluated 
including function, neuropathology, and blood-brain barrier damage, with several positive 
reports in TBI, including CCI and FPI (1-3) (Table 2). Most of the reports showing benefit of 
nicotinamide in TBI are from a single laboratory. Nicotinamide has been shown to attenuate 
several mechanisms that are important in TBI, including poly-ADP-ribose polymerase activation, 
inflammation, and replenishing NADPH levels with resultant increases in glutathione. Doses of 
50-500 mg/kg have shown efficacy and with a promising 4 h time window (1). Nicotinamide is 
commercially available as vitamin B3. It represents an example of an agent that could be readily 
moved forward if found to show benefit across models and could also be used as a nutritional 
supplement in a pre-treatment approach particularly in light of the ability to provide dietary 
neuroprotective additives in theater.   

Regarding dosing, route of administration and pharmacology, Evidence suggests that 
nicotinamide rapidly reaches high levels in brain related to the presence of a specific uptake 
mechanism (4).  In addition to the aforementioned key references outlining efficacy of doses 
ranging between 50 and 500 mg/kg in experimental TBI, two references in the stroke literature 
are relevant to dosing. Sakakibara et al (5) demonstrated that IV administration is effective in 
male rats in transient MCAO with administration at 2 h, given immediately before reperfusion.  In 
this study, a variety of rat strains including Fischer, SHR, and diabetic were studied and benefit 
on infarct volume was seen in all strains.  Similarly, in permanent MCAO, nicotinamide (500 
mg/kg) given by the IV route at 2 h attenuated infarct volume in both Sprague Dawley and 
Wister female rats, and reduction in infarct size was larger with IV administration than in prior 
reports using IP administration (6). This supports the proposed IV use in our studies in TBI.  
Regarding half-life, it has been reported that nicotinamide has a long half-life when administered 
PO in humans, where it averaged 9.3 h (7).    

For the proposed studies in OBTT, nicotinamide (MW 122.12) will be purchased from Sigma 
(catalog number N3376).  Dosing will be 50 mg/kg or 500 mg/kg given IV at 15 min and 24 h 
after injury.  For administration, the drug should be prepared fresh daily by dissolving it in sterile 





 Therapy 2: Erythropoietin 
Review of the experimental TBI literature suggests that erythropoietin (EPO) is one the most 

promising future therapies available.  A search of PubMed revealed a remarkable 24 studies all 
showing efficacy of EPO in rodent models of TBI (Table 3).  A single center clinical trial of EPO 
in severe TBI is ongoing at the Baylor College of Medicine (Claudia Robertson, MD, PI), and Dr. 
Kochanek has discussed this treatment possibility for OBTT with Dr. Robertson.  A pleiotropic 
cytokine involved in erythropoiesis, EPO has a number of beneficial effects that could be 
important in TBI such as attenuation of glutamate and NO toxicity, anti-apoptotic, antioxidant, 
and anti-inflammatory effects, stimulation of neurogenesis and angiogenesis, protection of 
mitochondria and beneficial effects and across many CNS insults such as global and focal 
ischemia, kainite toxicity, and intracranial hemorrhage (8-32). The exact mechanism of benefit is 
unclear.  Although classical EPO receptors are seen in many cell types in the CNS, these 
receptors are up-regulated by hypoxia (30), and EPO receptor null mice have a worse outcome 
than wt after CCI (18), EPO receptors surprisingly do not appear to be needed to mediate the 
benefit of exogenously administered EPO therapy (19).   In the aforementioned 24 studies on 
TBI, work has included papers in both rats and mice and across models including CCI, FPI, 
impact acceleration, focal closed head injury, Feeney weight drop, and combined injury (8-31) 
(Table 3). Studies in large animal models of TBI, however, were not identified. 

 
Route of administration, dosing and therapeutic window appear to be tantalizingly favorable.  

The studies outlined in Table 3 have suggested that ANY parenteral route of administration 
shows efficacy including IV, IP or SQ—without obvious differences in this regard.  A dose of 
5000 IU per kg appear to be best, with doses of 1000 and 3000 also showing efficacy.  Reports 
testing the higher doses were not identified.  The therapeutic window is controversial, with some 
studies suggesting benefit with first dose as late as 24h (9).  However, the most comprehensive 
study of time window examined 5 min, 3h, 6h, 9h, and 12h dosing and identified 6h as the latest 
time point for successful initial dosing.  Studies have shown benefit from a single dose, two 
doses, three doses, of daily treatment for 14d (8-31).  The initial report of efficacy with EPO in 
TBI used dosing a 1h and 24h and showed benefit across many outcomes (8). The most 
detailed study of single vs multiple dosing showed that 3 daily doses were better than a single 
dose (28).  Of note, all of these studies used 5000IU/kg as the dose.     

 
There are some special caveats with regard to EPO therapy in TBI.  A concern for potential 

use of this agent in stroke has resulted from the fact that it increases hematocrit (HCT) and 
increased mortality (37) in clinical testing.  Using single dose regimens in rat TBI models, HCT 
increased from baseline values of ~45% to between 52 and 60% with increases most prominent 
on d4-14 after administration (15, 19, 27).  An elegant study by Zhang et al (19) from Dr. 
Chopp’s group showed that benefit was independent of HCT by using post-injury isovolemic 
hemodilution to normalize HCT.  This side effect of EPO may not be a major concern in severe 
TBI or polytrauma, since HCT is typically reduced in patients suffering these conditions, and 
some level of erythropoiesis could reduce transfusion risk.  For mild TBI, this would not be the 
case and hyperviscosity could be a concern.  Recently, carbamylated EPO analogs (CEPO) that 
have no effect on HCT but show benefit in TBI have been developed (29).  CEPO analogs do 
not bind to the EPO receptor, yet show similar efficacy in CCI (29).  Another EPO analog 
darbepoietin—which has a longer half-life than EPO, has been tested in CCI and shown to be 
beneficial.  Finally, with special relevance to Banyan, there has been a study of the effect of 
EPO on serum levels of S100B and IL6 assessed between 6h and 7d after TBI in rats—which 
showed reductions with treatment (25).   
 

The studies identified in Table 3 are focused on work in TBI models with conventional 
outcomes—specifically to guide the approach in OBTT.  For EPO, there are many papers in 



other models related to TBI such as hippocampal slices, and intracerebral hemorrhage, among 
others, that suggest benefit; they are beyond the scope of this manual of operations (32-34).  A 
recent review on potential benefit of EPO in experimental TBI was published and suggests 
effects via JAK-2 and downstream effects on NFkB, AKT, and ERK and MAPK pathways, 
resulting in anti-apoptotic effects (35). However, that review suggests involvement of EPO 
receptor, which based on recent work, may be incorrect. Finally, a review by Nichol and Cooper 
(36) discusses relevant issues related to EPO and suggests the need for a multicenter RCT—
specifically, the EPO study investigators within the ANZICS Clinical Trials group.    

For the proposed studies in OBTT, EPO (PROCRIT, Amgen, preservative free) is likely 
available through your hospital pharmacy.  Prices for PROCRIT vary considerably between 
vendors.  Cost at the UPMC Pharmacy in Pittsburgh is approximately $87 per 10,000 IU/mL 
vial. Thus, it will cost less than $20 per rat for the low dose and $40 per rat at the high dose.  
The clinical grade preparation contains tiny amounts of albumin and bicarbonate that would not 
be expected to have any effect in a TBI model.  It must be kept refrigerated.  If it is not available 
to you at a similar price, it can be ordered by us and shipped to you for use.  Dosing will be 
5000 IU/kg IV or 10,000 IU/kg IV administered at 15 min after injury. Thus, 0.5 mL/kg or 1.0 
mL/kg of the 10,000 IU/mL solution is given IV for the low and high dose groups respectively.  It 
can be infused over 5 min safely. The vehicle that we propose is sterile NS.  As an example, for 
a 400 gram rat, for each rat in the 10,000 U/kg high dose group, 0.4 mL of PROCRIT solution  
(i.e., 1 mL/kg) would be given IV over 5 min.  Vehicle treated rats will also receive an equal 
volume of sterile NS.  We will have a single vehicle group using the higher dose volume (i.e., 1 
mL/kg).  We have experience with the low dose and have used it in preliminary studies in our 
mouse model of CCI plus hemorrhage, and mice tolerate 5000 IU/kg with no major change in 
MAP (a modest increase) when it is given the drug during hemorrhagic shock with a MAP of 25-
20 mmHg—as tested in our combined injury model.  We would suggest using a new vial of 
PROCRIT each day since it is preservative free. 

Thus, for EPO treatment: 

Treatments: 

PROCRIT—10,000IU/mL vial;  

Or 

Sterile Normal Saline 

Groups 

1. Sham (surgery but no treatment)
2. CCI plus Sterile Normal Saline at 1.0 mL/kg given at 15 min after injury
3. CCI plus PROCRIT 0.50 mL/kg (Low dose; equates to 5000 IU/kg) given at 15 min after

injury
4. CCI plus PROCRIT 1.00 mL/kg (high dose; equates to 10,000 IU/kg) given at 15 min

after injury

Please remember that blood sampling and outcomes must remain identical to the studies 
carried out with Drug #1, as defined in the modeling and injury protocol. 
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Traumatic brain injury (TBI) is a leading cause of morbid-
ity and mortality in Operation Iraqi Freedom largely due

to the emergence of blast-injury from attacks with improvised
explosive devices (IEDs) along with continued importance of
ballistic injury.1,2 The pathology resulting from these insults
is complex, spans the spectrum from mild-to-severe TBI and
is often complicated by polytrauma, hemorrhagic shock (HS),
and burns.1–3 Current therapy of severe TBI includes support-
ive care, but brain-oriented therapy is limited to approaches
targeting intracranial pressure (ICP) such as mannitol or
surgical decompression.4 In blast-induced TBI, vasospasm,
neuronal death, cognitive disability, and axonal injury are key
targets. There is also no current therapy for mild TBI, which
represents a source of morbidity and may be linked to
posttraumatic stress disorder (PTSD).

Research to date in the field of TBI has focused on the
study of pathomechanisms. This National Institutes of
Health–driven approach has helped to identify and charac-
terize many mechanisms of secondary damage. However,

focus on mechanism has not led to the rapid advancement of
new therapies to the bedside. This approach also has not
encouraged cross-talk between laboratories and has unfortu-
nately failed to build consensus in the field regarding the
efficacy of new therapies and move them forward to clinical
trials. A recent search of the terms “TBI” and “therapy” on
PubMed produced over 21,000 citations including many
positive results. Yet, few therapies have been tested in Phase
III clinical trials and no new therapy for TBI has emerged.

As with the need for new therapies, there is a parallel
need for the development of serum biomarkers of brain
injury. Research has identified several potential biomarkers
through clinical studies and limited work in TBI models.5–7

The performance of biomarkers of brain injury across the key
contemporary TBI models, species, injury levels, and secondary
insults such as hypoxemia or HS; however, has not been sys-
tematically evaluated. Studies of the ability of serum biomarkers
to confirm neuroprotection are also lacking, and a comparison of
the effect of therapies on conventional outcomes (function/
neuropathology) versus serum biomarker levels remains to be
carried out. Given that specific serum biomarkers have been
developed to identify specific aspects of brain injury such as
neuronal death, axonal injury, or glial injury, there is the poten-
tial to better understand the effect of therapies on these various
cellular components. Such studies could advance the potential
utility of biomarkers in both their translation to clinical applica-
tion and utility in drug screening.

This review article discusses a consortium called opera-
tion brain trauma therapy (OBTT) that was recently established
in attempt to address both the need for novel therapies and
biomarkers in TBI. OBTT was designed to serve as a high-
throughput therapy screening research consortium that identifies
the most promising therapies and compares them across a
spectrum of the state-of-the-art models and injury levels. The
most promising therapies will be moved up the phylogenetic
scale to a large animal model and ultimately to clinical trials.

WHY HAVE THERAPIES IN EXPERIMENTAL TBI
FAILED TO TRANSLATE TO CLINICAL

EFFICACY?
A key question in designing a research consortium to

evaluate new therapies for TBI is “why have therapies failed
to translate from the lab to the clinical in TBI?” Many reasons
have been suggested to explain this failure, ranging from the
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Two key therapeutic targets have served as the primary
endpoints in testing of therapies in experimental TBI, namely
some aspect of neuropathology (contusion volume, cortical
lesion volume, neuronal death, or axonal damage), and func-
tional outcome (neuroscore, motor testing, cognitive testing).
Review of the experimental TBI literature identifies a number
of therapies that have favorably affected these two outcome
categories in individual laboratories.21–74 Many of these ther-
apies reduce lesion volume by at least 20%, and some as
much as 60% in experimental TBI. Various therapies target-
ing mitochondria and neuro-inflammation have shown robust
effects in various individual laboratories.27–32,39,40,72,74 In con-
trast, therapies targeting neurotransmitter systems have
generally shown the greatest effects on cognitive outcome
reviewed in ref. 75. Nevertheless, for just these two targets,
neuropathology and functional outcome, there are a number
of promising acute therapy candidates.

PROMISING THERAPEUTIC STRATEGIES FOR
TRANSLATION IN TBI

Two categories of drugs have been identified for
screening in OBTT. These include (1) “low hanging fruit”
representing agents that are FDA approved for other uses
and/or otherwise readily available that have shown promise in
experimental TBI in multiple published reports and (2) novel
but potentially high impact therapies that have a more limited
publication track record. A number of agents in each of these
categories are provided below, based on literature review and
suggestions of the site PIs and overall PI of the consor-
tium.21–74 In addition (Table 2), these drugs are also classified
with regard to their putative primary mechanistic targets.

Each of these targets, if appropriately addressed, has potential
to reduce secondary damage and improve functional outcome.

We anticipate that a number of these therapies will be
evaluated by the consortium; however, the specific drugs to
be tested and the sequence of testing are currently being
debated by the consortium investigators. An oversight com-
mittee will also evaluate and contribute recommendations and
review results annually. This list does not, in any way, reflect
a complete menu of potential agents for evaluation in OBTT,
rather it reflects selected promising therapies across a number
of categories. The following brief discussions of these ther-
apies provide insight into the basic rationale for therapy
selection by the consortium investigators.

POTENTIAL “LOW HANGING FRUIT”
THERAPIES FOR TBI TRANSLATION

Nicotinamide
Vitamin B3 has shown dramatic beneficial effects on all

aspects of outcome evaluated including function, neuropa-
thology, and blood-brain barrier damage, with several posi-
tive reports in TBI, including CCI and FPI.21,22 Most of the
reports showing benefit of nicotinamide in TBI are from a
single laboratory. Nicotinamide has been shown to attenuate
two mechanisms that are important in TBI, including poly-
ADP-ribose polymerase activation (resulting in acute energy
failure) and inflammation. Doses of 50 to 500 mg/kg have
shown efficacy and with a promising 4-hour time window.
Nicotinamide is commercially available as vitamin B3. It
represents an example of an agent that could readily move
forward if found to show benefit across models and could also

TABLE 2. Putative Secondary Injury Mechanisms Targeted by Therapies Being Considered for Testing by the Operation Brain
Trauma Therapy consortium

Drugs

Secondary Injury Mechanisms

Inflammation
Axonal
Injury

Excitotoxicity/
Neurotransmitter-

Related
Neuronal

Death

Energy
Failure/

Mitochondria CBF
Oxidative

Stress
BBB/

Edema Regeneration

Nicotinamide � �

Choline � �

Atorvastatin � � � � �

FK 506 � � � �

Minocycline � �

Lithium � � �

Rolipram � � �

Aniracetam �

Pentostatin � � � � �

Progesterone � � � � � �

DHA � �

XJB-5–125 � � �

Anti-ASCab � �

Necrostatin-1 � � �

Poloxamer-188 � � � �

Anti-CD11dab � �

Italic, low hanging fruit therapies; boldface, high risk-high reward therapies; �, therapeutic target for the drug shown; DHA, docosahexanoic acid; CBF, cerebral blood flow;
BBB, blood brain barrier.
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be used as a nutritional supplement in a pre-treatment ap-
proach particularly in light of the ability to provide dietary
neuroprotective additives in theater.

Choline
Chronic pre- and posttreatment with the nutritional

supplement choline may offer substantial benefit for TBI.
Rats fed a diet supplemented with 2% choline exhibited
improved functional outcome, reduced contusion volume,
and reduced neuro-inflammation at 2 weeks after injury.23

Chronically after TBI there is a well-recognized reduction in
high affinity choline uptake sites; thus, choline may represent
a prototype agent for both chronic pre-treatment to attenuate
neuroinflammation, and as rehabilitation therapy to serve in
neurotransmitter replacement. Cytidine diphosphate-choline,
in a posttreatment approach, is in clinical trials.

Atorvitstatin
The 3-hydroxy-3-methylglutaryl coenzyme A reduc-

tase inhibitors, also referred to as “statins,” not only reduce
serum cholesterol but also have potent inhibitory effects on
neuroinflammation and possible effects on CBF and trophic
factor production. They confer benefit in experimental
TBI.24,25 Atorvastatin, simvastatin, and lovastatin all show
promise after TBI in rats. Impressive benefit was seen with
atorvastatin therapy by Wang et al.24 where improved perfor-
mance on rotarod and Morris water maze, reduced hippocam-
pal neuronal death, and attenuated microglial proliferation
and cytokine production in the brain were seen after TBI.
Equal doses (20 mg/kg) of atorvastatin outperformed simva-
statin. Atorvastatin is FDA approved and a logical candidate
to study in our consortium. Either pre- or posttreatment
paradigms could be evaluated.

FK506
There have been several reports of beneficial effects of

the FK 506 (Tacrolimus) in experimental TBI.26,27 It is an
immunophilin ligand that inhibits the protein phosphatase
calcineurin. Benefit from this agent has been shown mostly in
models focusing on axonal injury—which could be a special
relevance to blast TBI.26,27 Immunomodulatory effects of this
agent could also contribute to potential benefit after TBI.28

Another factor that raises the interest in cross model evalu-
ation of this agent is that it may have fewer propensities to
initiate seizure activity than another promising calcineurin
antagonist cyclosporine A28—which is currently in clinical
trials for TBI. However, unlike cyclosporine A, FK 506 does
not appear to inhibit mitochondrial permeability transition.
FK 506 is an FDA-approved immunosuppressant. Because
the related agent, cyclosporine A, is already in clinical trials
for TBI it would be logical to explore this agent in our
consortium.

Minocycline
The tetracycline antibiotic minocycline has potent anti-

inflammatory actions in brain related to its ability to inhibit
microglial activation/proliferation. Specifically, P38 kinase
activation and proliferation of microglia in culture is attenu-
ated by minocycline.29 Many reports have confirmed inhibi-
tion of microglial proliferation by minocycline in stroke,

cerebral hemorrhage, and other models.30–32 Minocycline has
shown benefit after TBI in mice,32 where it also reduced
IL-1� levels in brain. A dose of 45 mg/kg at 30 minutes after
TBI, and continued every 12 hours for 3 days decreased
lesion volume. A therapeutic window of 2.5 hours has been
reported.30 Minocycline is FDA approved for other uses, and
available for clinical trials. It is a prototype multifaceted
anti-inflammatory candidate that could be rapidly translated
into clinical trials. Its antimicrobial effects could also be of
benefit in polytrauma.

Lithium
Lithium treatment down-regulates pro-apoptotic mech-

anisms33,34 and upregulates cell survival factors and markers
of plasticity.35,36 It also improves synaptic plasticity, as
measured by enhanced long-term potentiation in the hip-
pocampus37 and spatial memory and retention in a T-maze
paradigm.38 As evidenced by recent publications on lith-
ium,37,38 there is renewed interest in its therapeutic potential.
Thus, lithium has multiple targets that may favorably influ-
ence both acute and chronic TBI pathophysiology. This,
together with the fact that lithium is approved for human use
as a treatment for bipolar disorder, makes it an excellent
translational research candidate for the treatment of TBI-
induced cognitive and affective dysfunction.

Rolipram
The type IV phosphodiesterase (PDE) inhibitor rolip-

ram has shown benefit in experimental TBI and spinal cord
injury.39,40 It blocks PDE-IV-mediated breakdown of cAMP
resulting in increased PKA activation, enhancing cell survival
pathways, and inhibiting pro-inflammatory NFKb activa-
tion.39 Rolipram and other PDE IV and V inhibitors have also
shown promise in reducing memory impairment in dementia
and improving CBF and are in clinical trials in dementia.41

Although nausea and vomiting can be limiting with the use of
rolipram in conscious patients, if beneficial, second genera-
tion type IV PDE inhibitors, with better side effect profiles,
are in clinical trials for lung injury.

Aniracetam
This agent is an allosteric potentiator of AMPA-specific

glutamate receptors and has shown promise in improving
cognitive outcome across central nervous system (CNS) in-
jury models including ischemia and TBI.42–44 Transmitter
supplementation (norepinephrine and dopamine) is often used
in TBI rehabilitation, but a similar strategy has not been
developed for glutamatergic neurotransmission. AMPA re-
ceptor desensitization is seen chronically after TBI.42 Thus,
aniracetam may serve that purpose. It also enhances glucose
availability and acetylcholine synthesis, pathways that are
similarly disturbed in TBI.42 It has an exceptionally broad
therapeutic window being equally effective whether started at
24 hours or 11 days after injury in rats.42 Daily oral doses of
25 to 50 mg/kg were used. It will thus serve as a prototype for
potential use as a rehabilitation therapy that is focused on
functional rather than neuropathological outcomes. It also has
shown benefit in models of anxiety and insomnia,45,46 both of
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which are behavioral sequelae of TBI. It is available as an
over-the-counter nutritional supplement.

Pentostatin
Adenosine is an endogenous neuroprotectant with CBF

promoting, anti-exctotoxic and anti-inflammatory properties.
Local injection of the adenosine-2A (A2a) receptor agonist
CGS 21680 increases CBF after CCI in rats.47 Adenosine A1
receptor activation confers anti-excitotoxic effects and A1
receptor knock-out mice develop lethal status epilepticus
after CCI.48 Adenosine effects at A2a and A3 receptors may
also be anti-inflammatory.49,50 Thus, adenosine augmentation
could be useful in TBI. A limitation of systemic use of
adenosine agonists (i.e., acadesine, ATL-146e) is hypoten-
sion. An alternative strategy is to enhance or sustain local
increases in adenosine level in brain, where they occur after
TBI.51 Administration of the adenosine deaminase inhibitor
EHNA increased brain adenosine levels after TBI.52 The
adenosine deaminase inhibitor pentostatin, which is 10 times
more potent than EHNA53 is effective in many ischemia
models, and at low doses (0.2–2.0 mg/kg).54,55 It has not been
tested in experimental TBI but is FDA approved and used in
cancer therapy. It could have multiple benefits including
reversal of vasospasm, anti-inflammatory actions, and anti-
excitotoxic effects. Each of these mechanisms is felt to be
important in blast and penetrating TBI.

Progesterone
A large body of research from several laboratories sup-

ports the putative beneficial effects of progesterone in experi-
mental TBI is reviewed in ref. 56. Favorable effects across
several mechanisms have been shown including excitotoxicity,
inflammation, and brain swelling, among others.57,58 Two
single-center clinical trials have suggested beneficial effects on
ICP and outcome, and a large multicenter randomized controlled
trial is currently underway.59,60 Progesterone thus represents a
logical agent for evaluation by our consortium which could
provide additional insight into issues such as efficacy across
injury severity and complex secondary insults.

Docosahexanoic Acid
Fish oil, or one of its constituents, docosahexanoic acid

(DHA), has recently been shown to confer beneficial effects
in experimental TBI.61–63 Notably, attenuation of axonal
injury by DHA has been suggested to represent the major
target of its protective effects. Given the important role of
axonal injury recently shown in blast TBI14,15 and the ability
to provide this agent as a nutritional supplement, DHA given
either as pre- or posttreatment represents a logical candidate
to consider for testing in OBTT.

POTENTIAL HIGH RISK-HIGH REWARD
THERAPIES FOR TBI

XJB-5–125
XJB-5–125 is a nitroxide, with multifaceted effects

against oxidative stress, that is conjugated with a gramicidin
S fragment.64 The gramicidin S fragment exhibits high affin-
ity for the inner mitochondrial membrane, greatly increasing

its ability to concentrate in mitochondria, enhancing speci-
ficity. XJB-5–125 protects cells against apoptosis.65 The
mechanism(s) of the nitroxide component’s protective effects
may be associated with its superoxide dismutase mimicking
activity, radical scavenging effects, or its electron acceptor
propensities preventing superoxide generation during dys-
regulated electron transport. These properties suggest a spe-
cial opportunity for XJB-5–125 in TBI.66 XJB-5–125 also
exhibits beneficial systemic effects in HS and may be valu-
able in blast polytrauma. A library of hemigramicidin tempol
conjugates has been developed.64,65

Anti-ASCab
Recent work67 suggests a pivotal role of a molecular

platform NALPI1 inflammasome consisting of caspase-1,
caspase-11, and apoptosis-associated speck-like protein con-
taining a caspase-activating recruitment domain (ASC) that is
assembled in neurons subjected to experimental spinal cord
injury. Treatment with an antibody against ASC (Anti-ASC),
either intraperitoneal (IP) or intravenous (IV), produced
pluri-potent anti-inflammatory effects (against IL-1�, IL-18,
and caspase-1) with tissue sparing and functional improve-
ment. Effects on multiple pathways make this an attractive
highly novel strategy.

Necrostatin-1
Recent work has identified a novel cell death pathway

called “necroptosis” that involves the Fas/TNF receptor path-
way but exhibits both a necrotic phenotype and autophagy.68

A subsequent study revealed that this pathway is involved
after TBI in mice subjected to CCI. Improvements in func-
tional outcome, cell permeability, and inflammation were
seen with treatment with necrostatin-1, a specific inhibitor of
necroptosis. Necrostatin-1 is commercially available (Biomol)
and a family of necrostatins has been developed. This new cell
death pathway is a worthy potential therapeutic target for
exploration by our consortium.

Poloxamer-188
Recent studies in CNS injury models have shown marked

benefit of surfactant poloxamer-188.69–70 It has multifaceted
effects against apoptosis, necrosis, and cell membrane injury.
It attenuates P38-MAP kinase-mediated apoptosis, blunts
neuro-inflammation, attenuates axonal injury, and exhibits a
unique membrane resealing effect.71 It attenuated lesion vol-
ume after intracerebral hemorrhage in rats.69 It is FDA
approved as an indirect food additive in a variety of products,
has been in clinical trials with IV use in conditions such as
sickle cell disease72 and is commercially available. A limita-
tion of this intriguing agent is that it has shown efficacy in
brain injury only with intracisternal administration; thus, we
have characterized this agent speculative despite FDA ap-
proval for other uses.

Anti-CD11dab
Recent studies in FPI have revealed a 50% reduction in

lesion volume in rats treated with an antibody to the alpha
chain CD11d of the integrin heterodimer CD11d/CD18.73 In
addition, a marked reduction in CD68 immuno-positive in-
flammatory cell influx into brain was seen with treatment. It
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was effective despite a 30 minutes delay in treatment. It was
also shown to be highly effective in experimental spinal cord
injury.74 Unlike more broad-spectrum therapies targeting the
B2 integrin family, this approach may offer greater selectivity
against infiltrating inflammatory cells, blood-brain barrier
injury, and tissue destruction.

GENERAL APPROACH TO BIOMARKER
SCREENING IN OBTT

Banyan Biomarkers, Inc., has established state-of the
art capability and expertise in tooling and configuring Good
Laboratory Practice-level sandwich ELISA assays for a va-
riety of serum biomarkers including glial fibrillary acid pro-
tein, an astrocyte marker, ubiquitin C-terminal hydrolase-L1,
a neuronal marker, and �-II spectrin degradation products,
among others.6,7,76–78 Proposed brain injury biomarker assays
to be run are outlined in Table 1. Assessment of serial
samples across models in OBTT will be used both to compare
the biomarker profile produced in each of the models and to
probe the ability of these biomarkers to be used to assess
therapeutic efficacy. OBTT thus represents a unique oppor-
tunity to examine biomarkers across simple and complex
models, injury levels, and species in experimental TBI.

DISCUSSION
Despite the unique potential of the consortium, there

are a number of potential challenges and limitations to the
approach that is proposed in OBTT. First, in the 1990s, the
National Institutes of Health/National Institute of Neurologic
Disorders and Stroke sponsored a multicenter preclinical drug
screening consortium in the field of spinal cord injury called
Multicenter Animal Spinal Cord Injury Study (MASCIS).79

The approach made important contributions to modeling and
outcomes assessments in experimental spinal cord injury, but
did not bring new therapies to clinical trials. We selected our
overall consortium design to benefit from the experience of
the MASCIS consortium. Specifically, a stumbling block in
MASCIS resulted from the plan to have all centers learn and
use the same experimental model to test therapies. It became
difficult for centers to replicate the benefits of methylpred-
nisolone across the consortium sites. This led to a prolonged
period of model development and validation. As previously
discussed, we have designed our consortium to use the
established models at each site to reflect the heterogeneity in
clinical TBI, take advantage of the established track records
for each of the models at each site, and limit the many
well-recognized challenges in model development and
modification.

Second, an important facet of TBI in combat casualty
care is repeated injury, particularly repeated mild TBI.13

Given that few established models of repeated TBI exist,80

addressing this important issue would require considerable
model development which we believe is currently outside the
scope of our consortium.

Third, it is often suggested that given the multifaceted
nature of TBI, combination therapy will be required,81 al-
though results of some studies have challenged this notion.82

Although the use of combined therapy with the most prom-

ising agents identified in years 4 or 5 could be included in our
ultimate consortium plan, our primary goal is to advance
individual agents to clinical trials.

Fourth, we recognize that all therapies may not produce
a simple linear pathway from primary to secondary screening.
An agent may be effective only in mild TBI, or only in the
advanced TBI plus HS and polytrauma models. Such an agent
would not be dismissed as ineffective; rather, it could suggest
the need for clinical testing either in mild TBI or in poly-
trauma. Similarly, an agent showing benefit only in the FPI
models might suggest a predominant effect on axonal injury
since that mechanism is highlighted in FPI. Our approach
could, thus, produce a paradigm shift in the field of TBI and
suggest the need for therapies targeting specific types of
injury, rather than across all injuries.

Finally, we recognize that PTSD is an important ther-
apeutic target in combat casualty care that may in some cases
be linked to TBI.83 However, given the expertise of the
individual members of the consortium, we are focusing on
traditional outcomes that have been developed in experimen-
tal TBI. We will, of course, communicate our findings with
the most promising agents to laboratories studying PTSD in
civilian and blast TBI models.

CONCLUSION
We have launched a multicenter preclinical drug and

biomarker screening consortium, OBTT, for the field of TBI.
This approach is unique and has a specific focus on drug
development for TBI in combat casualty care. We believe
that as it develops, the findings of this consortium have the
potential to provide special insight for field of experimental
and clinical TBI
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